In general, the satisfactory seismic performance of timber buildings can be partially attributed to the material characteristics of the wood itself and to the lightness of its own structure. The aim of this paper is to analyze the in-plane behavior of light timber walls panels through a series of monotonic and cyclic tests, and to evaluate how the sheathing material and the fixation to the base influence the overall response of the wall. Five tests are presented and discussed while the reliability of an analytical method to predict the response of the walls is studied. The sheathing material revealed to be important in the overall response of the wall. Moreover, the type of fixation to the base also revealed to be important in the in-plane response of timber walls. In-plane stiffnesses, static ductility, energy dissipation and damping ratio have been quantified.
Introduction
The development of engineered wood products and improved techniques for timber constructions, together with the shift to performance-based design, has created a renewed interest in timber construction systems, particularly in medium-and high-rise construction. Current building codes for timber structures seem to be underdeveloped when compared with those of concrete, steel, and masonry. Hence, it is of prime importance to identify the research needs for wood buildings and to establish a firm scientific basis for their codes and regulations. Presently, much of the research work aims at studying the possibilities of modern timber solutions in housing. Modern timber constructions exhibit good fire performance, acoustic behavior, improved strength and durability. However, a lot of their aspects are unexplored. This work intends to increase the working knowledge on the seismic performance of timber structures [1] [2] [3] when subjected to seismic actions.
Timber-frame structures have been known to exist for centuries. Up until the 19th century, in log-house buildings a heavy framing post and beam system was used. However, when it was found that the structure was stable without heavy structures, the technique of light-frame wooden construction was developed. The balloon framing system was used between the 19th and 20th centuries. It was characterized by a single beam running from the bottom floor to the top. The wooden members were more slender than those used in the post and beam system and the need for complicated carpentry joints was eliminated. The balloon framing system finally gave way to the platform frame system, which is the only framing system currently used. These structures use shorter lengths of lumber and have a much faster speed of construction. Large areas could be enclosed with minimal cost compared to previous framing techniques [4] .
Contrary to what would be expected, light frame structures are not weaker than heavy timberbraced frames [5] . In the platform frame system, as the name suggests, each story is erected on top of the platform of the preceding floor or, in the case of the ground floor, on the building's foundations. Thus, the floor below becomes the working platform for the one above. As the construction work proceeds, the bracing of the building's timber frame functions as a platform on which walls and internal partitions of the subsequent floor are constructed [6] . It is estimated that across all the developed countries, timber frame accounts for around 70% of all housing stock, representing some 150 million homes [7] .
In light frame constructions, the seismic forces and wind forces acting on the superstructure are transferred to the foundation via shear walls and floor/ceiling assemblies that act as diaphragms. The repetitive wood framing members sheathed with plywood or OSB (Oriented Strand Board) wood structural panels maintain high stiffness and strength in the design range until they reach their ultimate capacity, at which point they begin to yield gradually while continuing to carry high loads and absorbing a lot of energy before failure. For multistory light-frame timber buildings, the preferred failure is of the nailed/screwed connections between the sheathing and the frame, as it is highly ductile.
As part of the feasibility studies of multistory light-frame timber buildings, research efforts focusing on the seismic design aspect were responsible for the shift to performance-based design (PBD) of these structures. This shift entails accurate models of wood-frame buildings under seismic loading that need to be developed. For this to happen, a fully mechanistic or constitutive understanding of the individual components, sub-assemblies, and their interaction to form a complex structural system is required. In the last few years, various experimental research has been conducted to assess the behavior of different timber-based systems under in-plane horizontal loads [8] [9] [10] [11] , and through full-scale shaking tests following different peak acceleration values [3, [12] [13] [14] [15] [16] . Those experiments have been crucial for the development of different analytical and numerical models to represent the response of different timber-framed walls and buildings [17] [18] [19] [20] , making it possible to enlarge the value of the findings through different parametric studies [21, 22] . In the particular case of light-frame shear walls, past research has shown that the sheathing material [23] [24] [25] [26] and the type of fixation to the base used are important variables in the local and overall behavior of such systems under lateral in-plane loads. It is expected that with the presence of the sheathing material and its stiffness, the load-carrying capacity and the stiffness under in-plane horizontal loads will increase. Additionally, the stiffness of the fixation to the base of the timber-frame walls plays an important role. With a high stiffness, the sliding movement of the wall under lateral loading is then substituted by rocking. Despite this evidence, there is a lack of studies about the influence of the sheathing material and on the type of fixation to the base. In fact, some variability can happen on-site with the sheathing material. For example, the use in only one side for construction reasons (technical openings, the use of thin gypsum, etc.) with unknown consequences on the light timber-frame wall response. The same questions arise with the type of fixation to the base. Different types of connectors can be used, with distinct levels of technical information available depending on the brand or manufacturer, but in some cases, the old steel rod is used to fix the timber-frame wall to the base. It is clear that more studies are needed to support the decisions of the builder and of the designer.
In this context, and within a process of development of a light-timber panel, an experimental program was planned to evaluate different light-timber frame walls, assessing the influence of the presence of the sheathing material and type of fixation to the base. The aim of this experimental program was to assess the influence of those variables in the design of the panel and, therefore, to evaluate the need and the importance of each element (sheathing element and fixation to the base) in the overall behavior of the panel under development.
Experimental Program
As mentioned, within the process of development and characterization of a new kind of prefabricated timber panel, an experimental program composed of five tests on single timber panel walls has been carried out. This experimental campaign comprised four tests under monotonic loading and one with the application of cyclic loading. Different sheathing layouts were studied and distinct fixation solutions to the base were evaluated. All panels used presented the same internal structure, 1250 mm by 1950 mm (see Figure 1a ), composed by two longitudinal elements of 65 mm × 215 mm and two transversal ones (one on the top and another at the bottom) of 45 mm × 215 mm. Inside this external frame, an internal grid is made by means of two transversal elements of 45 mm × 120 mm and two longitudinal elements of 45 mm × 95 mm. All elements are screwed with SCH RothoBlass ® screws of 6 mm, their length being 120 mm or 160 mm if placed in the internal grid or in the external frame, respectively. The first specimen evaluated (F) consists in this timber structure without any kind of sheathing and fixed to a concrete base with steel rods (see Figure 1b ). Then, the second specimen considered (S) had an 11 mm OSB panel in one side (see Figure 1c ). The third (D) had one 11 mm OSB panel in each side of the structure (see Figure 1d ). Both specimens kept the same fixation to the base through steel rods. The fourth specimen (DH) was similar to the third (see Figure  1d ), the timber frame structure sheathed in both sides by an 11 mm OSB panel, but now two HTT22 hold-downs from Simpson Strong Tie were used to fix the panel to the base. Finally, the fifth specimen (DHC) was equal to the fourth (see Figure 1d ) and was tested under a cyclic loading. Table  1 presents a summary of the test program that was undertaken, with a description of each specimen, the fixation to the base used and the loading protocol applied, while Figure 1 presents the specimens and their main details. Table 1 . Description of the specimens tested. First specimen evaluated (F); second specimen considered (S); third specimen evaluated (D); fourth specimen evaluated (DH); fifth specimen evaluated (DHC). The internal timber structure of all panels was composed by elements of C24 strength class according to EN 338. The OSB used as sheathing elements was fixed to the internal timber structure using 3.5 mm × 35 mm screws and polyurethane glue for timber. 1 . Details of the specimens tested (dimensions in mm).
Name

Test Procedures
Two types of loading procedures have been applied: monotonic and cyclic. Through the monotonic test, it is possible to assess the maximum force (Fmax), the elastic stiffness, the elastic and ultimate displacement and the ductility. On the other hand, cyclic tests are important because they allow a clear view of the ability of the panel to dissipate energy and the behavior of the panel after the maximum load. The definition of the cyclic loading procedure is defined based on the elastic displacement, quantified through a monotonic test. The differences between the tests procedures was limited to the loading protocol applied, given that the setup and the instrumentation kept constant.
Monotonic Test (Static)
The monotonic test consisted on the application of a displacement under a constant rate on the top of the specimen. The displacement was applied under a rate of 0.15 mm/s, in accordance with the EN 12512 [27] . For the quantification of the elastic stiffness, two methods have been applied. In the method proposed by EN 12512 [27] , the initial stiffness k0 is quantified through slope of the trend line of the force-displacement curve between 10% and 40% and the post-elastic stiffness K1 is quantified through 1/6 of the initial stiffness (k0). Adopting the method suggested by the ISO/FDIS 21581 [28] , the elastic stiffness is given by:
where δa and δb are the displacements of the 40% and 10% of the maximum force, respectively. In relation to the values of the elastic (Vy) and the ultimate (Vu) displacements, they are quantified as depicted in Figure 2 . Vy was quantified through the intersection of the lines k0 and k1, while Vu is defined by the displacement value corresponding to 80% of the maximum force. Finally, the static ductility (D) has been quantified as defined by the EN 12512 [27] , given by the ratio between the ultimate value (Vu) and the elastic value (Vy) of the displacement.
Figure 2.
Definition of the initial (k0) and final (k1) stiffness according to the EN 12512 [27] . δa and δb are the displacements of the 40% and 10% of the maximum force, respectively; elastic displacement (Vy); ultimate displacement (Vu).
Cyclic Test (Static)
The cyclic test performed (DHC) consisted in a standardized quasi-static cyclic loading procedure (see Figure 3 ) defined based on the EN 12512 [27] , after the definition of the elastic displacement (Vy) obtained through the corresponding monotonic test (DH). Using the obtained load-displacement curves, it is then possible to quantify the following quantities of interest:
(a) the strength reduction for each set of three cycles at each tested ductility level, both in tension and compression; (b) the damping ratio at each tested ductility level, evaluated from the third cycle of each set of three cycles. The equivalent viscous damping ratio is defined as
, where Ed is the energy dissipated per half cycle and the Ep is the available potential energy;
(c) the maximum ductility level reached, referring to the envelop load slip curve of the first cycle of each set of three cycles at each tested ductility level, both in compression and tension.
Tests Setup
The test setup used is depicted in Figure 4 and tries to simulate the real behaviour of timber panels, paying special attention to the their fixation to the base (see Figure 5 ). The loading procedure was applied to specimens through a timber beam fixated on the top (see Figure 6 ), so as to ensure a uniform distribution of the lateral loads originated by the displacement defined by the loading protocol. Attached to this top beam, a load cell with a maximum capacity of 500 kN was responsible for the applied compression and tension effects induced by the loading procedure. In terms of instrumentation, some strategical measurements points were defined, ensuring that both deformation (in-plane, Figure 7a ) and rotation (rocking movement, Figure 7b ) of the panels were monitored. 
Results
The main results obtained from the experimental program are described and discussed. Five specimens were tested, four under monotonic loading and one with cyclic loading, and the results were separated in two groups. With the first group (specimens F, S and D), the influence of OSB boards on shear walls on monotonic tests was evaluated and, with the other group (Specimens DH and DHC), the mechanical properties between the cyclic and monotonic test was evaluated. To describe the in-plane behavior of the panels evaluated, the stiffness, ductility, impairment of strength and energy dissipation were quantified and the values obtained have been discussed.
Specimens F, S and D
Specimen F consists of the internal timber structure of the panel, without any kind of sheathing element, and specimens S and D are identical but for the addition of the sheathing element (11 mm OSB) on just one side and both sides, respectively.
The analysis of the graph of Figure 8 shows that, as expected, the specimen F presents a very low in-plane stiffness and a reduced load-carrying capacity, contrary to specimens S and D, for which the presence of OSB boards increased the in-plane stiffness and load-carrying capacity. Moreover, it is verified that displacement relative to maximum force of the specimen S occurred in 48.1 mm and the specimen D in 54.4 mm. Despite the increase of resistance, the rocking does not exist because the values are very low. However, the failure of the samples occurred on the pullout of the screws (tensile tensions) on the bottom right corner (Figures 9 and 10) . 
Specimens DH and DHC
Specimens DH and DHC are similar to specimen D, but now hold-downs were used to fix the panel to the base (timber). The cyclic loading of specimen DHC procedure was defined in accordance with EN 12512 [27] and by using the elastic displacement value obtained from the DH test, as both specimens are identical, with the loading protocol as the only difference. Figure 11 shows the experimental force-displacement loops obtained during the DHC test and the DH monotonic test. The analysis of the graph shows the decrease of the load-carrying capacity of the cyclic test around 28% in comparison with the monotonic test. Therefore, the failure of specimen DHC happened on the expected area, on the pull out of the screw in the hold-down connection between the timber base and the connector (hold-down), located on the bottom right corner, and the failure of the DH, as it did in the previous specimens, in the connection between the vertical profile and the lower horizontal profile.
By analyzing just the experimental force-displacement loops, the high ductility already evidenced by the similar monotonic test (specimen DH) is confirmed. In accordance with Table 2 , it is important to point out that the impairment strength (ΔF) measured for each cycle range is consistent, showing an insignificant difference between the values observed in compression and in tension. The higher value obtained for the impairment strength, as expected, corresponds to the last cyclic range, equal to 16%. Table 3 presents the comparison of the mechanical properties obtained in the five specimens tested (F, S, D, DH, and DHC). It is clear the substantial increment of the in-plane stiffness given by the sheathing material when the stiffness of the specimen F is comparable to the other ones. Moreover, the increase of in-plane stiffness is proportional to the number of sheathing elements. When two OSB sheathing elements are used (D), the stiffness is nearly double of the one obtained with one OSB sheathing element (S). On the other hand, the type of fixation to the base is also important. Using the hold-downs (specimen DH), in direct comparison with specimen D, the loadcarrying capacity of the panel doubles (increases from 19.03 to 40.50 kN) and the in-plane stiffness increases around 23%. 
Discussion of the Tests Results
DH DHC
A comparison between the specimen DH and DHC demonstrates the decrease of the resistance in relation to the cyclic test (DHC). This decrease can be said to be normal by reason of the cyclic test is more aggressive to the structure, in which there occurred a decrease in maximum force (around 15%), stiffness (around 28%) and ductility (around 54%). 
Analytical Model
As mentioned before, there are some analytical methods that can be compared with the experimental tests in the evaluation of the in-plane stiffness of timber walls. Among the different analytical methods available, it has been decided to apply the one developed by Casagrande et al. [22] based on cyclic tests on full-scale timber walls. For that purpose, the results of test with the DH specimen were used.
In accordance to this analytical method, to quantify the elastic displacement (Δ) for certain forces Equation (2) should be applied, while Equation (3) allows to quantify the stiffness (ktot) of the wall. It should be noted that Equation (3) is only valid when the vertical load (q) is zero or when the holddown is in tension, as it is in the analyzed case.
where:
 F is the force applied;
is the sheathing-to-framing connection stiffness;
is the sheathing panel shear stiffness, KA is the rigid body translation stiffness;
is the rigid body translation stiffness;
is the rigid body rotation stiffness;
 and N is half part of the vertical load (in this case, N = 0).
The analytical method was applied considering the geometrical and mechanical properties resumed in Table 4 . Tables 5 and 6 present the comparison between the experimental values obtained for the displacement and in-plane stiffness, and the values predicted by the analytical method proposed by [22] . The value of error was added as a complement to these data, in which it was calculated by the difference between the analytical and experimental data divided per experimental value. Therefore, a significant difference between the analytical and the tests results can be pointed out (the error values obtained are around 24%). However, it is important to point out that the DH specimen analyzed here did not use angle brackets to connect the wall to the base, while all specimens used to develop the analytical method proposed by [22] were fixed to the base with both hold-downs and angle brackets. 
Conclusions
After the tests of the walls and the analysis of the results it can be concluded that this type of panel system presents good mechanical characteristics when used as a wall panel. Several configurations of the panel were analyzed in order to evaluate the response of the panel in the face of possible changes, namely its coating.
It is concluded that the wall panel consisting solely of the timber profiles shows low stiffness in the plane when a horizontal force is applied. However, and as expected, when the OSB board is added the stiffness increases considerably. The stiffness almost doubles in relation to one side with OSB board to both sides with OSB boards.
It was also observed that the force-displacement behavior and the energy absorption characteristic of the cutting walls are influenced mainly by the characteristics of the connections.
As the main conclusion, it can be affirmed that this type of panel works well as a modular wall panel, in that it must have at least one fastening plate, namely an OSB board, giving it the rigidity necessary to cope with the horizontal loads. Moreover, this material offers good ratio of weight resistance, it has high durability, high stiffness and resistance to deformation, rupture, and delamination, with a reduced environmental impact. However, the side of the panel that will be inside the housing can be filled with a closing panel to the customer's taste, the same panel functioning as the final coating.
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